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SELECTEDALTITUDES

ByPaulW. Huber

Tablesandgraphsofnormal-shockpsmmetersarepresentedforreal
airinthermalandchemicalequilibriumat conditionsaheadoftheshock
correspondingto sixselectedaltitudes,andfortemperaturesbehindthe
shockfrom2,000°K to 11,000°K. Thealtitudesusedarethoserepre-
sentingtheboundariesof theisothermallayersin thatpartof the
earth’satmosphereconsideredapplicable% aerodymznicflight;thatis,
belowanaltitudeof 3CXl,000feet. Thealtitudedataandthereal-air
thermodynamicdatausedarereliableforapplicationto thisrangeof
altitudes.Tabulatedvaluesateachaltitudeasa functionof thetem-
peraturebehindtheshockarepresentedof thenornml-shockMachnumbers,
flightvelocity,enthalpybehindtheshock,andratiosofrealta ideal
vsluesofpressure,densi~,temperature,andvelocityof sound.Graphs
arepresentedtoshowthevariationof thenomal-shockparameterswith
flightMachnaber andaltitude,andsamediscussionofthedependence
oftheparametersontheinitialpressureandtemperatureisgiven.A
methodforadaptingthedatatothecaseof

INTRODUCTION

obliqueshocksisincluded.

It canbe shownfrcmthetabulatedthermodynamicpropertiesfor
realair(forcxsmple,ref.1) endtheRankine-Hugoniotshockrelations
thatthehypersonicshockpccrsmeterssrestronglydependentuponboth
temperatureandpressureaswellas onWch number.Thisconceptis
incontrasttothatforidealairinwhichnotemperatureorpressure
dependencyis indicatedbecauseoftheassumedconstancyofthespecific
heats,constancyofthemolecuMrweight,andperfectnessofthegas.
(See,forexsmple,ref.2.) Untiltherelativelyrecentadventof
hy-personicflJghtintheatmosphere,theassumptionofnem idealair
hasbeenadequateforflight,sincethetemperaturesencounteredwere
mcderateandhencethethermalpropertiesoftheairwerenearto the
idealvalues.At hightemperatures,however,thethermalpropertiesof
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airbecomegreatlydifferentfromthoseof idealair,and,infact,the
airchangescompositiondueto dissociationandionizationofthecon-
stituentparticles.

A numberof’real-airhypersonicshockcomputationshavebeenpub-
lishedinrecentyears(refs.3 to 8)inwhichthelatestacceptedther-
modynamicairdata(9.758electronvoltsforthedissociationener~
ofnitrogenmolecules)areused. Ingeneral,however,eitheroutdated
altitudeinformationwasused,ortheconditionsaheadoftheshock

—

werespecifiedintermsof independentvaluesoftemperatureandpres-
sure.Thelatterisveryusefulforgeneralapplicationtohypersonic
tunnelwork,butsincetheatmosphereinvolvqsa ratherdefinitecom-
binationofpressureandtemperatureat eachaltitude,interpolationof
thedatato conditionscorrespondingto a given~titude‘isoftencuniber-
some.Thisinconveniencesrisesfromthedoubleinterpolationrequired
to correctforinitialtemperatureandpressure,whereascertainofthe
functionsarestrongly,butnotlinearly,dependentontemperatureor
pressure(orboth)inthehypersonicatmosphericregime.

In ordertoprovidevaluesofthenormal-shockparameterswhich
aredirectlyapplicabletotheselectedaltitudes,thecomputations &
presentedarebaseduponreliablethermodynamicinformationforhigh-
temperatureargon-freeair(ref.1)and.atmosphericconditionsat alti- —

tudesup to 300,000feet(refs.9 and10). Thisrangeof altitudes ~
encompassesthatpartof theearth’satmosphereinwhichflightwhere
aerodynamicforcesareusedtoadvantageisgenerallyconsidered.It
maybenotedthatmorerecenthigheraltitudeatmospheredatafrom
earthsatelliteshave‘supersededthemodelatmosphereofreference10
foraltitudesabove450,000feet,butin therangeofaltitudesused
hereintherehasbeenno significantchange.Reference10 should,
therefore,stillrepresentthebestavailabledata. Thecomputations
arebasedon completethernalandchemicalequilibrium,anditistobe
rememberedthatthermalrelaxationandreactionr-atephenomenainhyper- ‘–”-
sonicflowwill,insomecases,restricttheusefulnessofsuchcompu-
tations.References11and12 containdiscussionsofpossibleeffects
attributableto thesenoneqtilibriumphenomega.

SYMBOLS

H

u

h

geopotentialaltitude,ft (definedinrefs.9 and10)

fluidvelocity,ft/sec

ft2
specificenthalpy,—

sec2
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Subscripts:

o

1

2

i

absolutepressure,lb/sqft abs

molalvolumebasedon

absolutetemperature,

$m
undissociatedmole, —

P’

velocityof sound,ft/sec

Machnumber,u/a

ratioofreal-gasparameter

%, asrequired

*3
slug-mole

to ideal-gaspsrsmeterforsane
valueof Ml,wheretheparticularpsr~eteris indicated

(
P2

by a subscriptforexample, \
K@=v

molecular

universal

slugsweight,
slug-mole

gasconstant, ft-lb
slug-mole-%

flow-deflectionangle

massdensity,r@, slugs/cuft

oblique-shockangle

ratioof specificheats

at standardsea-levelpressure(2,116 lb/sqft abs);at
peratureof273.160K

at altitudeconditionsandaheadofnormalshock

behindnormalshock

(idealair y = 1.40;m =
)

~; g=l.o

at altitudeconditionsandaheadof obliqueshock

deflectedflowbehindobliqueshock

tem-
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METHODOF COMPUTATION

Theequationsdenotingconservationofmass,momentum,andenergy
arewrittenforthecaseofa normal
equations:

plul=

pl+ P1U12=

hl+~u12=

Theideal-gasrelationsforthe
conditionsandthevelocityof sound
theshock)are:

P. D

shockwaveinthefollowing

P2U2 (1)

P2+ P2U22 (2)

~+&# (3)

equationof stateatthereference
onthelow-pressureside(aheadof

)

sincethegasisverynearlyidealatthese

(4)

conditions.

If equations(l),(2),(3), and(4)areconibined,thefollowing
relationsareobtained:

(%-a($+$)=2(&-&) (5)

(6)

Equation(5) isina formsuitableforinsertionoftabulatedvaluesof
thethermodynamicpropertiesfoYrealairandoftheambient-airprop.
ertiesat selectedaltitudes.Solutionofequation(5)isobtainedby
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specifyingvaluesof T2, ‘1 ‘1 ad %
z z’

anditeratingby using
R.

interpolatedvaluesof

u u _ ,10

%

P2
thetabulatedthermodynamicproperties- —,

Po

specifiedvalueof ‘2 untiltheeqpationis

satisfied.Interpolationofthesetabulatedairpropertiesisaccurately
accomplishedby linearinterpolationofthelogarithmsofthevalues.
Iterationofequation(5) ismaderapidlyconvergentby firstchoosing
twosetsofthetabulatedpropertiesandplottingvaluesoftheleftand

Pa
rightsidesof theeqwtionas a functionof — forthesetwocasesh

PO
findinga straight-lineintersection.Thisintersectionisgenerally

P2
verycloseto thefinalsolutionfor Valuesof Ml and U1 are

z“
thenfounddirectlyfromequation(6) b; using values of ?’1and al

.

“7

.

forargon-freeair. In ordertopresenttheMachnumberandvelocity

of soundbehindthenormalshock,valuesof %2~ pertinentto eachsolu-

‘iOn(s=dT2) “werereadfroma largechartavailableinrefer-

ence6. Thischartisbasedon computationsof ~ frcmreference13
andrepresentsthecaseof completethermalandchemicalequilibrium.

a2
Theratios~ and %2~ werethencomputedby using — fromequa-U1

tion(1)and a2
~ alongwithvaluesof ~ foreachaltitude.

%

ACCURACY

Intheiterationof equation(5)itwasarbitrarilydecidedthat
theacceptedsolutionwouldreqtireatleast0.2percentagreement
betweenthevaluesfortheleftandrightsidesof theequation.hspec-
tionof equations(5)and (6) sndof thethermodynamicdatashowsthatthis
requirementestablishesa similsraccuracyfor p2 and p2,withthe

valueof Ml frcmequation(6) beingwithin0.1percentofthecorrect
value.Justificationforthisseemingcrudenessliesmainlyinthe
strongdependenceoftheresultson thealtitudedata,whichsrecertainly
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notavailableforapplication
accuracy.Somejustification
ofargon-free-airdata,which
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6
toa givenflightcaseto anygreater
alsomaybe foundasa resultoftheuse
maybe oftheorderof 1 percentdifferent d

fromatmosphericairintheenthalpy-temperaturerelation,althoughthe
errorsresultingintherelationsofthenondimensionalaerodynamic

(
parametersforexsmple,

(),
~’= f MI) shouldbe lessthan1 percent.

DATAINPUT

3?2 Pa !2Valuesoftheparameters~ ~ - and T2 weretakenfrom
& TO’
W

reference1 andrepresentequilibriumvaluesofthepropertiesincluding
effectsofdissociationandionizationforanassumedargon-freereal
air. A somewhatmorecompletetabulationofthereal-airthermodynamic
propertiesmaybe foundinreference13withthevaluesbeingessentially
inagreementwiththoseofreference1. Tabulatedairproperti;~may

alsobe foundinreference14. Valuesof thepsmanetersTl> ~> and
—-

fl asfunctionsof H weretakenfromdatagiveninreferences9Po
and10andrepresenta reliablemodeloftheupperatmosphericcondi-
tionsfortherangeofaltitudesapplicableto aero@mnicflight.

‘1 al
Valuesof — and q weretakenfromreference15forconditions

AT
%0

correspondingto eachaltitude.

Computationsof the shockparameters_~e includedfor the range of
temperaturesT2 frm 2,000°K to 11,000°K at theintervalsfoundin
referencelJforeachaltitudechosen.Thealtitudeschosenwerethose
below300,000feetwhichrepresentboundariesoftheisothermallqfers
withinthisregionoftheearth’satmospher-eastakenfromreferences9
and10. Thesealtitudesanda fewotherswe listedintableI and
pertinentinformationforuseinthecomputationsisalsoshownin
tableI andplottedinfigures1 and2.

Onlythesesixaltitudeswereselectedbecauseitwasdesirableto
limitthecomputationsto a mininunnnumberofcases.Sincethetempera-
turevariationwithaltitudeintheatmosphereis-sopeculiarlynon-
monotonic(seefig.l),selectionofthediscontinuouspointswiththe
ratherlinearWriationbetweenthesepointsallowsforpossibleinter-
polationof suchfunctionsasmayexhibitrelationshipsthatsrelargely

r

-.

.
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temperaturedependent.Thedataoffigure2 indicatethatsolely “
pressure-dependentfunctionsmaybe logarithmeticallyinterpolatedto. otheraltitudesto a reasonabledegree.

RESULTS

Theresultsofthecomputationsaregivenintable11foreach
altitudeas a functionofthetemperatureT2 behindthenormalshock.

ThetabulatedvaluesincludetheparametersP2 P2 Ml, ul,
q

$? T1’

$2 a2—, and ~. Alsotabulatedaretheratiosofthesereal-air
~TO’ al
%
parameterstothecorrespondingideal-air parameters, %2J KP2) KT29
~, and ~, forthessmevalueof Ml (idealparametersareinde-
pendentof pl and T1 andthereforeof H). The ideal-air normal-
shockparametersarecomputedfromtherelationsfou!ndinreference2
by useof 71 = 1.400.Plottedinfigures3 to 7 aretheratiosKp29
Kp2J KT2~ K-, and “~ as functionsof Ml foreachaltitude.The

valuesof a2 andconsequentlyof ~ giveninthetablesandfigures
srelistedonlywithintherangeofdatacontainedinthechsrtof
reference6.

Msrkeddeparturesofthereal-airnormal-shockparsmetersfrom
theideal-airvaluesareshownto occurinthesefigureswith K being
as lowas 0.17andas highas 3.5. Ingeneral,thenonidealityofthe
resultsincreaseswithflightMachnumberandaltitude- thisbeing
physicallya resultofthelargeincreaseoftheheatca~cityof the
gaswithtemperature(Machnumber)andthelargeincreaseofde~ee of
dissociationwiththeinverseofpressure(altitude)atthesetempera-
tures.Thepeculiarnonlinearityoftheresultswhenplottedas a
functionofMachnumberislsrgelyduetothedissociationat different
ener~ levelsof oxygenandnitrogenandwhenplottedas a functionof
altitudeisduealsoto thepeculiarvariationoftemperatureinthe
atmosphere(fig.1). It isobviousthatinterpolationor extrapolation,
evenofaltituderesultssuchasthese,shouldbe attemptedwithextreme
caution.

Forpurposesof interpolationto otheraltitudes,however,it can
be shownfromtableII (andfromexaminationoftheshockeqpations)
thatcertainparameterswillexhibitlesssensitivitytothereal-air
effectsthanothers.Forexsmple,theshockpressureratio p2/pl as a
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r
functionofMachnumberMl hasa relativelyslightdependenceon
initialpressure’andtemperature,whereasthisparsmeteras a function
of U1 showsa strongdependenceontheinitialtemperature

● -
Tl but

againlittleorno dependenceon initialpressurePI. Theshockden-”
sityratio P2/Pl showsonlya slightdependenceon initialtemperature

whenplottedasa functionofflightvelocityU1 buthasa definite
dependenceoninitialpressure;however,whenplottedasa functionof
Ml,theshockdensityratioshowsappreciabledependenceonbothtem-
peratureandpressure.Foranotherexample,useoftheshocktempera-
tureratio T2/Tl as a parsmeterintroducesa strongdependenceonthe
initialtemperatureTl,whetheritbeplottedasa functionofflight.——
velocityorMachnumber,whereasifshocktemperaturerise T2 - T1 or
T2 isused,thistemperaturedependencyisgreatlyreduced,particularly
whenplo$tedagainstU1. A pressuredependency,however,is seen in
all cases.Ingeneral,by judicioususeof”theshockparameters,alti-
tudeinterpolationispossibleto a reasonabledegreeofaccuracyfor
manyengineering-applications. *_-

As anaidin interpolationoftheseresultsto otheraltitudes,
therefore,thepsnmetersKP2 and T2 areplottedas a functionof r
flightvelocityul infigures8 and9, respectively. For use with..
thesefigurestheatmosphericvelocityofsoundal,calculatedby using
equation(4),isshownas a functionofaltitudeH infigure10for
readilyfindingthevalueof U1 = Mlal atanydesiredaltitudeand
Machnumber.

It isseeninfigures1 and2 thatthealtitudedatafromrefer-
ence10,whichareconsideredtobe themostapplicabledatatoaero-
dynamicflightintheatmosphere,aresi~ificantlydifferentfromthe
olderdata(ref.16) ataltitudesabove82,000feetandaremuchcloser
tothedataofreference17. Thiscomparisonindicatesthatnormal-
shockcomputationsbasedontheolder“data(forexample,ref.6) would
alsobe differentabovethisaltitude.Differencesofashighas
25percentmaybenotedinvaluesof p2/pl or T2/Tlplottedagainst
U1.

Oneexceptionisnotedtothedifferencesthatmayoccurabove
82,000feetand-thatisthatthe@titudedataat 120,000feetusedfor
thecomputationsofreference6 areverycloseto thelateraltitude
data(seefigs.1 and2). In order, therefore,toprovidean additional
altitudeonfigures3 to7, thecurvesforanaltitudeof120,0CKlfeet
fromreference6 havebeenreadandreplottedtothesecoordinates. .

.
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.
A wordmaybe saidaboutthestagnation-pointvaluesintheflow

behindtheshockwave. Computationsofthesevslueshavenotbeen
. includedinthereportfortworeasons;first,thechangeinflowvalues

frombehindthenormalshockto thestagnationpointisrelativelysmall,
andsecond,wheresuchvaluesmaybe required,thecomputationisread-
ilymadeby usingtableIIalongwitha largeMolliertypechartsuch
as isobtainedfromreference6. Withregardtothefirstreason,it
canbe shownfrominspectionoftheenergyequationappliedto this
case,togetherwitha fewsamplecomputationsinthehypersonicrange,
thatthetemperatureriseat stagnationbehindthenormalshockisof
theorderof 1 percentandthatthedensityandpressureriseareof
theorderof 5 percent.

Valuesoftheoblique-shockpsmmeters,althoughnotincludedin
thepresentanalysis,maybe readilycomputedfromthenormal-shock
parametersfoundintableIIalongwiththeoblique-shockrelations
illustratedinthefollowingsketch:

Theseparametersare:

%2%2sin(e-b)=—=—
us MS

(7)

(8)

(9)

.
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Foreachdesiredslti.tudesmdflightvelocityUe (or Me):

(1) Assumevaluesof U1 (or Ml)as listedintable11,andread

correspondingvaluesof ~/P1, P2/P1~and.soon-

.

(2)Find e fromequation(7),
fromequation(9).

CONCLUDING

b fromequation(8),and Ub

Normal-shockparametersforrealairinthermalandchemicalequi-
libriumhavebeenpresentedinbothtabul=”andgraphicalformforsix
selectedaltitudesfortherangeof temperaturesbehindtheshockfrom
2,000°Ktoll,OOO°K. Reliablealtitudeandthermodynamicairdata
forapplicationtoaerodynamicflightintheatmospherehavebeenused.
Thegraphsservetoillustratethevariationof thenormal-shockparam-
eterswithMachnumberandaltitude.Thedependenceoftheparameters
oninitialtemperatureandpressureis indicatedsothatinterpolation

.

of theparsneterstootheraltitudesmaybereadilycarriedout.
Includedisa methodforadaptingthedatato thecaseof obliqueshocks.

[

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LsmgleyField,Vs.,June9, 1958.
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TABLEI.-ATMOSPHERICALTITUDECONDITIONSAS TAKEN

FRCMREFERENCES9 AND10

H, hlTl> PI PI al .
ft. % ~ ~ ~ ~ To

%

o 288 1.00 0.9474 1.0272 3.68
36,000 217 .2243 .2824 .8905 2.77

82,020 21.7 .2456X 10-1 .3095 x 10-1 .8905 2.77

120,000 251 .4518 X 10-2 .4910x 10-2 .9591 3.21
154,200 283 .1189x 10-2 .1148x 10-2 1.0174 3.61

1~ ,885 283 .5756x 10-3 .5559x 10-3 J_.0174 3.61

2k6,060 197 .2420X 10-4 .3356X 10-4 .8484 2.51

2$)5,280 197 .1792x 10-5 .24fi X 10-~ .8484 2.51

Constantsforargon-freeairare(ref.1):

p. = 2,u6 lb/sqft -
% = 28.86 slugs

To = 273.16°K slug-mole
71 = 1.400

p. = 0.002499SILlg/CUft
AT1,o89ft/sec = 847,100~

a. = moo sec
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TABLEH.- HYFm8cmcNOR4AL-SECCKPA.MMmmSAT 21XSELECTEDALTITOIE9

H . 36,000ft;T1.21pK; PI = 0.2243ah.

2,009 58.29 6.3v
2,200 66.o1 6.507
2,400 74.01 6.686
2,600 82.32 6.876
2,&o 91.627.079
3,cca101.297.2%
3,2Q0I.11.go7.518
3,4001.23.457.761
3,600136.208.027
3,eOoly.02 8.293
4,0W m.z 8.54-f
4,200179.898.791
4,400lB.W 8.998
4,6m 21J.329.178
4,802227.l? 9.330
3,0302k2.539.M>
5,500279.319.627
6,m 315.439.746
6,503334.449.893
7,cmo401.6910.s
7,mo 459.2110.717
8,0cn528.3110.937
8,503609.90XL.390
9,000703.30n.817
9,500E05.6212.229
O,coo913.96L2.548
l,coo1129.2912.s@i

I 1

I I
2,000 58.396.330
2,2C0 :.2; ;.53:
2,4oJ
2,6C0 84:00 6:981
2,em 94.547.267
3,cKlo106.727.603
3,200120.777.983
3,400136.B 8.402
3,6CKJ154.978.845
3,ec0 174.%3 9.249
4,000193.329.536
4,20iJ2U.93 9.776
4,400229.649.949
4,600245.81-10.049
4,&o 261.0310.114
5;cm 275.4? 10.w.
5,5CQ311.691o.227
6,000356.8!310.491
6,w 418.1.6lo.g-(o
T,ocm499.39u.632
?.500601.18lf?.%1.. .
8,cno721.7013.-?59
8,300855.6613.636
9,0CCI989.0114.031
9,5W11.14.4114.17g
0,0001222.5214.255
1,00)1389.6614.018

T6.9716.760X I.&7.4047.leo
p?g :.%

8:6798:4ti
9.1098.833
9.5559.266
LO.017 9.714
LO.W 10.l&
LO.99810.66>
U.497U_.149
L2.00311.640

L
U.4473.2.070
)2.980u2.587
L3.44613.039
L3,88613.466
14.889IA.438
L5.81415.335
L6.75216.245
L7.8u17.272
L9.OIJ-18.435
?0.35319.737
3.82821.167
?3.40222.693
?5.O@24.2~
;6.61025.&iI
?9.54728.652

9.21729.15----
10.13832.&I-----
:.:’5 $.;:-----

I-2:93343:88=:
13.82548.= 3.481
14.74752.723.594
1>.fm 57.733.695
16.59Q 63.193.&8
17.51269.223.931
18.43375.364.054
19.35581.g44.189
20.27788.714.312
a-.198 95.554.464
22.120lcQ.314.607
23.042108.B4.745
25.346124.745.070
27.65C)mo.bg5.343,
29.954157.465.576!

%$52 i!i:~2:s!
36.e66231.026.406
39.l-p-26Ei.496.74.4
41.475@L.go7.120
43.779347.*,7.519
$.21 g.g 7.923
. . -----

TN 4352

---- 1.03141.1608O.esll------------
-----1.03461.1833.8738------------
-----1.03761.2052.%.!22------------
-----1.04101.23@ .8448------------
-----1.04461.2581
.35911.04821.2876
.35371.W1 1.3215
.3493l.oyle1.35e0
.34261.oa41.3984
.33741.@5441.4393
.33181.06801.47&
.32601.07131.5160
.32081.07391.5477
.31681.07(%1.5750
.3-81.07’771.5981
.m l.cr@o1.6149
.30501.08Q71.6407
.30371.08171.6568
.30371.08311.67E@
.30101.0858l.’p~
.2%41,(28931.7771
.29971.09351.W48
.28421.0w61.9183
.27&1.1OIL1.9874
.27201.1o432.cE44
.26761.10562.1060
----- I1.109OI2.1629I

6.9756.764X M?
7.4XJ7.195
7.8367.618
8.3UI8.Ixi2
8.7998.533
9.?s 9.039

11.13110.794
u.79411.437
M!.3E!k12.ocg
u2.950E.558
13.47013.C62
13.93013.5C$
1.4.35213.917
IA.74114.294
15.67815.203
16.73716.230
18.m 17.552
19.72819.131
21.5892a.g35
23.60322.W3
25.65624.879
27.55626.722
29.24128.3%

.82’77

:?%
.7661
.7413
.7159
.6918

:2

:%
.59%
.5754
.%78
.53s
.5151
.4853
.4524
.4183
.3%1
.3572
.3324
.2970

------ ------
0.84240.9220
.8311.9104
.81.-(O.903.2
.8071.8%0
.7gk7 .87k3
.7854.e614
.Tlf14.&74
.-m% .b332
.7689.%236
.7%7 .8161

:;;:::%
.7588.79%
.7483.7%3
.7562.@38
n% .7#2

.6971:7479

.6%9 .~-(

.6791.7167

.6WI .~
I------------

H = 82,020ft;T1. 21P K; P1 = 0.24% x 10-1atm.

i

9.21729.16-----------1.03191.16340.W2 ------------
10.13832.65-----—-—- 1.0354l.wl .q’m------------
lL.01%36.38-----------1.03881.21.33.@4 ------------
U.* 40.46-----------1.04371.2477.8330------------
U.903 45.01-----------1.04.851.2893.8365------—----
13.82550.233.4530.35501.05451.3401.~ o.81760.9126
14.74756.263.567.34681.C6071.3983.7393.7986.8943
1S.66863.163.700.33771.06711.4639.7 ,7&6 .8733
16.59070.eO3.EM2.32761.07321.5336.6626.7678.8494
17.51279.163.998.31901:07631.5968.625
18.43387.204.154).31301.08151.6412.- :7? :Eg
19.355gfj.224.310.30741.08401.6778.5 .74.41.&ll.
20.2761122.724.481.30211.08571.7039.55 .7445.78%
m.198log.664.637.29891.08661.7MJ1.54 .74?6.7&6
Z2.I.20116.124.784.29661.08701.7266.53 .*72 m$
23.0411.22,314.899.2%5 1.08721.7304.533 .7453
25.346 138k 5.143 &+3i 1.08j6 1.-EI92
2’7.673157.67 5.* .2969 1.0900 1.7797
29.954 m .5~5.654.29181.09451.W3
32.Qma7.615.987.2&131.1oo21.9636
34.562260.396.376.27391.I.C552.0823
36.M6310.526.tQ7.26481.I.M72.1960
39.171365.577.3ao.25741.11452.2j33
41.475423.097.784.25231.1162.3539
43.779475.878.260.24g1.11742.3771
1+6.0835zL.67-----------l.u~ 2.38&
30.691592.92-----------l;mo 2.3472

. . .

I.520.457
.4633
.421
.3
.337
.303
.279
.261
.=1
.243

. . .

1.7367.7219
.7032
.683
.6662
.6531
.6429
.6385
.6390
------
------

. ..
.7e03
.7784
,7651
.7445
.7208
.6974
.6784
.6653
.6591

------
------ .

.
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2,0W 43.-(2
2,200 50.31
2,400 58.43
2,603 68.97
2,E!O082.69
3,0C0 93.65
3,2m 119.3Ll
3,400.138.98
3,&n2,vA.18
3,&KlIm.65
4,000la.%
4,2(KI191.88
4,4m 21n.68
4,&YJ2=.28
4,8W 225.06
5;(M 240.24
~:~ ;g:$

6,%KI496.72
-f,cm634.15
7,w 767.45
8,mo 873.&
8,w3 947.%
9,000I_oo3.36
9,W W1.30
.O,ooolog7.98
l,cixl1216.15

6.178
6.454
6.836
7.374
8.070
8.W
9.652
LO.2jl
Lo.637
LO.81.6
LO.834
LO.-(98
LO.763
LO.*
m.853
u .010
U.-f@
L3.045
Lk.460
L5.6u
L6.260
L6.405
L6.2CQ
L5.891
L5.572
L5.Z(k
L4.950

2,400

4,000-.55

4,600217.25

5,1XQ250.35
5,500318.45
6,miJ42.47IA

%1
.a)3

6,500 .5015:m!J
7,0@J709.l-r~
7,w =.52 I-6.~
8,mo 918.87ti.-rn
8,5c09~.2416.424
9,000I_023.6316.034
9,5001071.9315.727
0,003U_26.1315.496
l,m 1265.5115.273

H = 154,2(Mft;T1= 283° K;P= = O-U@ x M-2 =~.

6.032
6.I@
6.925
r.kgz
8.1%
8.9M
9.7of
low
IJ..oJyj
EL.551
11.wf
12.21:
12.%f
U?.@
13.27
13.7~
15.lq
17.10I
19.49
21.974
24.144
25.7X
26.83:
27.632
28.304
28.94t
30.48!

6.683X ti 7.(%729.29---—------
7.151 7.77433.1.1-----------
7.677 8.4m 37.69-----------
8.yl 9.18743.55L-—,--—-–
9.038 9.89451.og-------––
9.~2 1o.6o160.453.b.470:73W
10.756 11.~ IZL.163.196.3147
11.573 12.o14&.ol3.362.30?5
12.250 lz!.’-p?l91.503.529.2s46
12.7g8 13.42899.483.7M .28F2
13.215 14.134105.803.EE.8.2854
13.531 14.241U.49 3.981.2&l
13.922 15.548117.1o4.W .2876
14.2&5 16.254123.18k.I.28.2gol
14.7ti 16.%1 130.234.157.2914
15.ml lT.658138.654.281.2%)8
16.760 19.43516s.484.326.2836
18.947 Z!l.ml214.574.875.2689
21.&l 22.968m. 875.313.2538
24.M 24.~ 352.495.819.2k19
26.7xI 26.X2424.836.315.2351
28.538 28.2694a?.756.TEe .2315
29.W 30.035524.31-—----——
y.6ti 31.&z 555.15----—----
31.359 33.%9*.93 -----------
32.070 35.356609.U -—— -—--
33.778 38.869674.53-–— —---

1.03411.lp~
1.03891.2(M
1.ol@21.258c
l.q%o1.33L?4
1.rJ5721.4.W
La-m 1.%%
1.m 1.693s
1.Ogy l.-(go:
1.09631.ek5z
1.G51741.8702
l.og(l1.%91
1.0364l.&Jsk
1.09571.8m
l.~ 1.8J@
1.09601.8EG
1.ogjT21.8s35
1.lq542.Lm7c
1.m3 2.2U.4
1.I.2052.4MI
:.l#o2.EW4.
1:1292::;$
1.IQ1.2.77-91
1.M!662.665(
1.12 2.6m
1.12352.5@
1.MI.62.5051

H = lm,8@ ft;T1= 283° K; Pl= 0.5756x 1o-3ah.

).88U
.86CK
.&52
.77X
.7126
.6472
.*
.5422
.5147
.4994
.4*1
.4S24
.4913
.48W
.481s
.k~
.42n
.*
.3062
.2af
.2315
.21-E
.213c
.212$
.214z
.215t
J!J35

------ ,-----

0.T528
.72&?
.-flhl
.709!?
.7146
.7213
.7251
.-Cm
.73-57
.7074
.6993
.67M
.6J+M
.614c
.5s-75
.5907
.59+s

-——-

-- —-.
------
------

,-----

,—-—
1.8467
A#

.7636

.W2

.7419

.7391

.7M8

.7559

.76CQ

.7591

.742a

.7052

.6570

.6366

.6193

.6102
.—---

.-----

.-----

;.cg ;.&& x lL$7.06729.35---—-—— 1.03431.1724o-m ——-- -—---
;.g ;;.;;-----–— :.cJcc;.gg .e333------------

6:9937:74.8 --— —— -- . .81JA------------
7.6238.446 ‘9:18745:o1-—— —----1.&061:3788.7506-—------—-
8.3789.2& -—--——- .1.07321.3Cg8.67&-—–- ----—
9.2181o.213 ::% 2:$ 3.0550.32151.oa71.6542.6u3o.~20O.&a
1o.042u.126 11.~ 76.093.224.306+21.03281.7792.5502.W2 .7902
10.780U..943 12.OIA %.783.406.2Yg1.09741.8607.5104.7020.7646
11.29712..516 U2.m 95.463.58a.28751.05921.8972.4938.7069.7458
u.-fl212.g76 13.428lm.x 3.760.28301.09921.9017.4862.W4 .7351
12.04013.339 14.134lq.g43.893.28311.09E2?1.8890.4eJ17.-rls+i.7361
12.34913.6& 14.841UL3.333.981.2&51.09741.8766.bm .-(W7.7403
u?.67214.04u 15.5&8Ilg.154.050.26741.09691.8713.4833.TL40.-reek
13.o~ 14.442 16.254125.e434.114.28991.M8 1.8750.47s3.7056.7557
13.46214.915 ti.sfh1*.@ 4.187.2899Lose?1.8956.4687.6961.7557
13.g7115.479 17.668144.164.270.2s85l.lm?1.B8’-(.4542.6W .7537
15.69617.390 19.435181.134.553.27671.10852.mE5 .3979.6514.7247
18.I?a19.966 Zi.f?ol238.1.64.*LI.2593l.lJ&?2.3697.33@ .&cm .6808
20.67922.91J. 22.%8312.585.456.24421.E?592.6170.2731.5950.6423
23.19525.698 2k.m5352.305.986.23421.13ce2.7@o .2343.5&6 .6368
25.n7 27.&8 26.5@459.946.487.22931.13142.8369.2M4 .5835.&w
26.39529.244 28.249507.15-—--------1.13072.8152.m-(1--------—--
27.24030.l& 30.035539.a -----------1.ESIy;; .2068--—---—---
27.91W.9= 31.W2566.59-----–—- 1.1273 ----.-------
28.571-31.655 33.569593.26--------–-1.~572:6372::E ----—------
2g.ym32.462 35.336623.39--— -—-— 1.=452.5976.- -----------
~1.ogo34.445 38.8697W!.48--------–-1.12332.5587.205a------------
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T29 ~ P2 ~’ T, * %! q +% PI T ‘1 q $ TO al Kp2 %32! %2 %2

H =246,tift.;T1= 1~ K;PI. 0.2420X 10-4da.

2,000 67.236.3937.4656.897X d lgl& ;;.:---------l.o~al.1~ 0.8620------------
2,200 81.53‘i’.l838.1727.550 ------—---1.04871.2868.8019-------------
2,400103.@ 8.2089.1428.446 lilql 44:07-----------1.06661.4.4%.7086-----------
2,600133.959.58110.3719.581 13.198 $.24-----------1.08491.67uL.6039------------
2,800“173.5510.%9Ei.64”flo.m Uh213 70.46
3,000206.74u.65032.674u.709

-----------1.09781.8783.3203------------
15.228 83.143.8300.2&5 1.I.0412.002L.47320.6790o.~60

3,200229.*11.91013.3571.2.340 16.24491.894.C$16.27381.10572.0406.4559.6862.~kl
5,400244.88I.1.olo13.7901.2.-(4O
3,600257.031.I.648L4.13913.-

17.259 97.54.3~ .27071.10452.ml .4551.@ .7069
18.274102.~4.468.27L71.1cr281.9898.4590.7oEm.~

3,Ek30269,55=.523I-4.48913.385
4,(MO2@4.46U.48914.89713.753

19.289L07.744.550.2763l.lol~1.g662.4619.704L.-

4,200304.54KL.61415.39714.225
20.305lL3.704.621..2&4I..lmg1.958L.461J.6963.7335

ll,imo331.6Z1.L.91316.05a14.%28
21.320121.374.686.2&91.lol~I.9765 .4532.@? .~
22.33513L.7Lk.774.2Fe21.10402.0297.4376.66&s.~~

ll,m 369.091.2.43316.90315.6L6
4,&xl418.f%13.14517.96216.594

23.350W. 784.904.W731.L0782.lom .4133.6524.72’74
24.366164.495.057.qm21.UL272.221J8.3%27 .6337.~@2

5,mo 482.44lk.03219.236l-r.-fp
5,YM 703.7216.51823.10621.347

25.381188.1+7!3.246.26131.11802.3703.34& .63.44.6%5
27.919271.485.%4 .23851.13012.7787.26@ .pm .62&

6,0fjo973.5518.4%27,09325.oN
6,5ooI.wj.lz!18.s6929.87027.595

30.W37371.796.589.22321.13713.0919.2120.3497.m
p.~ 451.817.214.2L@1.13&73.1792.l@2 .3462.pm

7,0001301.2418.60531.31828.933
7,500137W5618.w+532.17329.723

35.533496.59-----------1.,13743.11~ .W+ ------------

8,0u3L434.9217’.48632.948~.439
38.ql 523.71-----------1.,13513.o154.1803------------
40.609548.29-----------1.13312.9278.1915------------

8,5001505.7917.04933.77931.207 43.147577.e6-----------1.13132.8539.1937------------
g,ocmL6U.5716.91534.95532.293
9,%01747.1116.91J36.3% 33.625

45.685.ti6.69----------1.13U72.8307.1915------—----
48.223c%8.79

a,om 1928.s 1-(.ml 38.22735.316
-----------1.13062.8292.18@------------

.L,CK)O2433.88l-r.74042.@839.631
w.761 736.97---------1.13132.8610.1781-------------
55.838928.95-----------1.13372.@18 .I* ------------

E = 295,2&ft;Tl= lW W,PI-0.1792% 10-5fLtrA.

2,003 72.887.0827.7297.lbox 1$ lo.lp 32.04-----------1.04811.27910.8X!4-----------
2,2fM 98.838.4888.8978.2xI L1.L68 41.94-----------l.o~l1.3041.6837-----------
2,400139.5610.45910.4589.662 L2.1835’7.16--------—-1.&3531.&28 .* ------------
2,600183.483.2.041IL.918n.ao 13.198~.ea---—---—-l.lo@2.U773Mel ---— -----
2,800213.73u?.62812.84111.863 14.21385.18-----------l.lug2.16e4.43CK-------------
3,0(m229.521.2.!50113.31512.3oL 15.22891.464.(%70.2619l.llwj2.1422.42~ 0.68330.6853
3,2002hl.13L2.27313.6&lL2.620 16.244g6.().54,249.26231.1(X52.LO04.4363.6965.6847
3,koo 252.29 12.om 13.96 L2.521 17.259 100.57 4.320.26871.1C642.0596.4434.6s25.701
3,60fJ266.18LL95314.37213.278 L8.2741Q6.U!4.373.27501.10532.0403.b445.6&n .7d
3,&lo285.50U?.(M14.90513.770 19.289U3.78lk.435.qa 1.1(602.0596.4370.G* .7274
k,cmo316.411.2.48915”J54414.453 20.3ofl125.124.z!6.27671.L0892.)241.4184.6498.7245
4,2003fh.27L3.2M16.63615.388
4,40a424.16lb.315la.woti.wl

2L320 141.884.662.27041.U6 2.2b16.3#4 .6293.708a
22.335165.694.845.eg81.12012.4226.3486.6052.15&?l

4,* 510.3815.69119.71%18.205 23.3P 197.665.081.24j’21.12692.6488.3054.5&Lo.64fl
.$,&o619.TO17,lg421.65420.W 24.#6 238.235.352.23531.13322.8%2 .2645.5576.6192
~,ooo745.5418.5@Jt23.69921.@4 25.381 285.585.664.22511.1381.3.lag .2304.5397.5928
5,500W9.7L 20.75928.1T726.031
6,0cQr234.6520;70830.4L628.100

27.919402.58-----------1.14433.4817.1798------------

6,5Q01309.7L19.69631.37028.W
343.457k68.91----------1.14413.k700.1684-----------
32.9’35497.64-----------1.14093.29s .L7L6------------

7,m 1366.0719.qo 32.ti7 29.625
7,5001439.7318.51932.94830.439

35.933520.62-----------1.13893.W57 .1769------------

8,0001555.5318.34534.25731.64’8
38.OTL5k9.65-----------1.13703.LCX18.S@ -----------
40.609592.86-----------1.13633.07C5.l~ ------------

8,5001728.&I18.510$.10733.358 43.147657.W -----------1.13683.0958.1696------------
9,0Q01973.2118.96638.55a35.615 45.68575L.1O-----------1.13823.1715.1576------------
9,5W2306.3619.57641.- 38.4TL 48.223876.46-----------1.14013.2722.1426------------
.0,0032P5.4520,27545.22841.7e4 5a.7611033.05-----------1.14213.3873.12~ -----------
l,CUO3716.5221.215p.757b8.?+0 55.8381.405.64-----------1.14463.5422.loyJ-----------

.
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Figure 2.- Vwiation of atmospheric pressure with altitude.

P
CD

, .



.-

1 . , , .

Figure 3.- Variation with Mach number and altitude of the ratio of real to ideal values of
norml-shock pressure ratio.
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Figure 4.- Variation with Mach number and altitude of the ratio of real to ideal values of
normal-shock dermity ratio. 2!
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Figure !j.-
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Variation with Mach number and altitude of the”ratio
normal-shock temperate ratio.
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Figure 6.-variation
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Mach number and altitude of the ratio of real to ideal values of
normal-shock velocity-of-sound ratio. 5
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Figure 7.-Vaxiationwith Mach number and altitude of the ratio of real to Meal values of
Mach number behind normal.shock.
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Figure 8.- Vaxiatlonwith fllght veloclty and altitude of the ratio of real.to ideal values
of normal.shock density ratio.
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Figure 9.- Variation with flight velocity and altitude of the temperaturebehind a nmmal
6hock.
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